ABSTRACT Repellent efÞcacy of the plant-based repellent, , was compared with 16 other products in laboratory arm-in-cage trials against Aedes aegypti (L.). Eight repellents (Badger, BioUD, BurtÕs bees, California Baby, Cutter Natural, EcoSMART, Herbal Armor, and SkinSmart) exhibited a mean repellency below 90% to Ae. aegypti at 0.5 h after application. Three repellents (Buzz Away Extreme, Cutter Advanced, and OFF! Botanicals lotion) fell below 90% repellency 1.5 h after application. TT-4302 exhibited 94.7% repellency 5 h posttreatment, which was a longer duration than any of the other repellents tested. The positive control, 15% DEET (OFF! Active), was repellent for 3 h before activity dropped below 90%. Additional arm-in-cage trials comparing TT-4302 with 15% DEET were carried out against Anopheles quadrimaculatus Say. At 6 h after treatment, TT-4302 provided 95.2% repellency while DEET exhibited 72.2%. In North Carolina Þeld trials, TT-4302 provided 100% repellency 5 h after application against Aedes albopictus Skuse while DEET provided 77.6% repellency. These results demonstrate that TT-4302 is an efÞcacious plant-based repellent that provides an extended duration of protection compared with many other commercially available products.
Mosquitoes are considered the most dangerous animal in the world because of their ability to transmit numerous disease organisms, which pose a serious threat to human and animal health (Schmidt 2005) . Personal repellents, applied to the skin or clothing, can provide protection from mosquitoes and other biting arthropods. The gold standard insect repellent for the past 55 yr is DEET (N, . DEET provides good repellency against many mosquito species (Fradin and Day 2002, Frances 2007a ), but has been criticized for its odor and skin feel and the fact that it is a plasticizer; in addition, some incidences of toxicity have been reported (Clem et al. 1993 , Veltri et al. 1994 , Goodyear and Behrens 1998 . Although the number of conÞrmed reports of DEET toxicity is extremely small compared with the number of people who use the compound, a portion of the population chooses to avoid products containing DEET, thereby exposing them to risk for mosquito-vectored disease.
Only three DEET alternatives are recommended for use against mosquitoes by the US Centers for Disease Control and Prevention (CDC). These are the synthetic, Picaridin (2-(2-hydroxyethyl)-1-piperidinecarboxylic acid 1-methylpropyl ester); PMD , a distillate of acid-modiÞed oil of lemon eucalyptus ; aminopropionic acid, ethyl ester), a structural analog of the amino acid, ␤-alanine (CDC 2009) . A number of plant-based repellents are available commercially; in many cases, this is because of their rapid registration process under the U.S. Environmental Protection AgencyÕs (EPA) FIFRA (Federal Insecticide, Fungicide, and Rodenticide Act) section 25(b), which provides exemption from federal registration for speciÞc ingredients that are deemed demonstrably safe for their intended use. Many of the ingredients on the 25(b) list are highly volatile compounds, causing them to provide only short-term repellent duration. Increasing the concentration of active ingredient can lengthen the duration of repellency; however, many essential oils are irritating to the skin above a certain percentage (Barnard 1999) . A plant-based mosquito repellent that provides a high level of repellency for an extended amount of time would fulÞll a conspicuous consumer "need-gap."
Formulation plays a critical role in extending repellent efÞcacy. Microencapsulation, polymers, and other technologies have been used to extend repellent duration (Carroll 2007) . Most published research focuses on repellent active ingredient identiÞcation rather than formulation, and formulation chemistry is often a guarded secret of private industries (Bissinger and Roe 2010) . Recently, TyraTech, Inc. (Morrisville, NC) formulated a 5% geraniol-based repellent for extended duration known as TT-4302 using compounds found on the FIFRA 25(b) active ingredients and 4(a) inerts exempt lists. Studies were conducted to compare TT-4302 with 15% DEET in laboratory studies against Anopheles quadrimaculatus Say and in the Þeld against Aedes albopictus Skuse. An additional study was conducted to compare TT-4302 with 16 commercially available mosquito repellents in laboratory arm-in-cage bioassays against Aedes aegypti (L.). Ae. aegypti is the principal vector of the viruses that cause dengue and yellow fevers (Gubler and Clark 1995, Robertson et al. 1996) . Ae. albopictus is capable of vectoring at least 26 viruses including those that cause dengue, yellow fever, and chikungunya (Paupy et al. 2009 ). An. quadrimaculatus is the North American vector of the human malaria parasite (Foster and Walker 2009 ).
Materials and Methods
Mosquito Arm-in-Cage Studies. Mosquitoes. An Ae. aegypti colony was established from eggs kindly provided by the United States Department of Agriculture (USDA, Gainesville, FL) in 2007. The colony was supplemented with mosquitoes purchased as larvae from Benzon Research (Carlisle, PA) in 2012 to maintain genetic diversity. Larvae were fed 1:1 Þsh food:rat chow, and adults were provided 10% sucrose solution and water ad libitum. Adult An. quadrimaculatus were generously provided by Charles Apperson from colonies reared at North Carolina State University (Raleigh, NC). Mosquitoes were maintained in an insectary at 26.7 Ϯ 2ЊC, Ϸ55% relative humidity (RH), and a photoperiod of 12:12 (L:D) h. Adult females used in repellency bioassays were fed 10% sucrose solution and water ad libitum before experiments and were never provided a bloodmeal. All mosquitoes were certiÞed to be disease free.
Test Substances. Test substances used in Ae. aegypti arm-in-cage trials, their active ingredients, and manufacturersÕ information are listed in Table 1 . All repellents were purchased from retail stores in 2012 with the exception of TT-4302, which was formulated at TyraTech. Repellents were chosen to represent a range of active ingredients, of both synthetic and natural origin. Each repellent was aliquoted into separate 22-ml ambercolored glass vials and assigned a number to ensure blinding from the study conductor and test subjects. Repellents were then randomly assigned by number to volunteers each test day. For An. quadrimaculatus trials, TT-4302 and OFF! Active (15% DEET, SC Johnson & Son, Inc., Racine, WI) were tested. Test substances were applied to human skin at a rate of 1 ml/600 cm 2 . Testing Procedures. All human volunteers provided written informed consent before beginning studies. The testing protocol was adapted from the EPAs Product Performance Test Guidelines Insect Repellents to be applied to Human Skin (US EPA 2010). The test area was the volunteerÕs forearm from the elbow to the wrist. Before repellent application, the test area was cleansed with 70% isopropyl alcohol and dried with a clean paper towel. One arm was treated with a test substance while the other remained untreated, serving as the control. Control arms were cleansed using the same method. During testing, latex gloves were worn to protect the hands from mosquito bites.
For each test, 80 nulliparous host-seeking adult female mosquitoes aged 5Ð10 d were placed in a square 45.7-by 45.7-by 45.7-cm cage with a sleeved opening at the front for insertion of the volunteerÕs forearm. On each testing day, individual subjects used a separate test cage containing naṏve mosquitoes. For trials using Ae. aegypti, landing counts were taken at 30-min intervals beginning 30 min after repellent application until Յ90% repellency was achieved. We lowered the cutoff for repellency to 90% from the EPA-recommended 95% repellency to achieve better separation of the data for comparative purposes. Landing counts were conducted every 30 min for 6 h for trials using An. quadrimaculatus regardless of the level of repellency observed. A landing was deÞned as a mosquito resting on the surface of the volunteerÕs arm for Ն2 s. At each testing time point, the control arm was inserted into the cage and the number of landings was recorded by the study conductor for 1 min. The treated arm was then inserted for the same length of time and the number of landings was recorded. The same observer recorded landings for all tests and instructed volunteers to move their arm periodically to avoid blood feeding. The landing count minimum was 10 mosquitoes per minute on the control arm. Mean number of lands per minute on the control arm for each treatment group is presented in Tables 2 and 3 for Ae. aegypti and An. quadrimaculatus, respectively. Test procedures were repeated four times using four different volunteers for a given test substance. Male to female ratio among volunteers was 6:2 for trials using Ae. aegypti and 5:1 for An. quadrimaculatus trials.
Data Analysis. Percentage repellency for all studies was calculated as:
Ae. aegypti. To test for subject effects, an unbalanced two-way analysis of variance (ANOVA), with the factors repellent and subject, was carried out on the percentage repellency values at the Þrst three evaluation times (SAS Institute 2000Ð2004). These ANOVAs were unbalanced because three subjects were used with only a few repellents, and also any replicate that failed at an earlier time was not reevaluated. Separate one-way ANOVAs, omitting subject, were then carried out for each evaluation time on percentage repellency and on arc sine transformed values. After time 1, these ANOVAs were also unbalanced because any replicate that had failed at an earlier time was not reevaluated. Means for repellents were compared using Fisher-protected least signiÞcant difference (LSD) at signiÞcance level 0.05.
An. quadrimaculatus. An unbalanced two-way ANOVA, with factors repellent and subject, was conducted on percentage repellency data across all time points. These ANOVAs were unbalanced because not all subjects tested both repellents. Percentage repellency data were then arc sine transformed before analysis using separate one-way ANOVAs for each Testing Procedures. The repellency Þeld trial was conducted in a residential area in Cary, NC, on 16 August 2012. All human volunteers provided written informed consent before participating in the study. Subjects were randomly assigned a repellent treatment before beginning trials. Legs were cleansed and treated as described for mosquito arm-in-cage studies. In total, four replicates for each repellent were conducted. Male to female ratio among volunteers was 7:1.
Test procedures were modiÞed from the EPAs Product Performance Test Guidelines Insect Repellents to be applied to Human Skin (US EPA 2010) guidance for Þeld studies of mosquito repellency. Subjects wore a mosquito net over the head, short pants, a long-sleeved shirt, and nitrile gloves. Repellents were applied to each volunteerÕs calf between the ankle and knee at 1515 hours (5 h before dusk), and mosquito landing counts began 30 min after repellent application. Volunteers recorded the number of lands on each leg (one treated and one untreated) for 5 min using hand-held mechanical counters. The minimum landing count on the control leg was Þve mosquitoes in the 5-min test period. Mean number of lands for the controls for each evaluation period is presented in Table 4 . During testing, volunteers were spaced Ϸ4.5 m apart. After each 30-min test interval, the study conductor collected mosquitoes from subjects using an aspirator. Mosquitoes were returned to the laboratory for identiÞcation using the keys of Slaff and Apperson (1989) .
Data Analysis. Percentage repellency data were square root transformed to achieve approximate normality and then analyzed using a repeated measures ANOVA, with time as the repeated measure and an autoregressive covariance structure (SAS Institute 2000 Ð2004). Probabilities of differences were calcu- 
Results
Comparative Repellency of 17 Mosquito Repellents in Arm-in-Cage Trials. Seventeen repellent products, including the novel plant-based repellent TT-4302 and a 15% DEET product (positive control) were compared in arm-in-cage studies against Ae. aegypti. The unbalanced ANOVAs on data at times 1, 2, and 3 to check for subject differences in repellency indicated that differences were present (F ϭ 2.07; df ϭ 7, 44; P ϭ 0.067 at time 1; F ϭ 2.38; df ϭ 6, 20; P ϭ 0.067 at time 2; F ϭ 6.36; df ϭ 5, 15; P ϭ 0.002 at time 3; arcsine transformed data). The differences were mainly associated with low values for one subject who was used with one repellent and high values for another who was used with only two repellents. As the data are highly unbalanced, especially after time 1 because of failure of repellents, adjustments for differences between subjects are not likely to be reliable, and subject effects were ignored.
Mean percentage repellency data, SE, and LSD groupings for Ae. aegypti are presented for each evaluation time in Table 5 . Statistically signiÞcant differences between repellents were noted for evaluations at 0.5 (F ϭ 23.27; df ϭ 16, 51; P Ͻ 0.001), 1 (F ϭ 4.57; df ϭ 11, 26; P Ͻ 0.001), 2 (F ϭ 6.93; df ϭ 9, 20; P Ͻ 0.001), and 2.5 h (F ϭ 3.66; df ϭ 5, 12; P Ͻ 0.03) after repellent application.
At the Þrst evaluation time point (30 min after repellent application), all replicates failed (Ͻ90% repellency) for four repellents: California Baby, Cutter Natural, EcoSMART, and Herbal Armor. The highest mean repellency observed was for TT-4302 (99.8%). Repellency of TT-4302 was signiÞcantly different from Badger, BioUD, BurtÕs Bees, California Baby, Cutter Advanced, Cutter Natural, EcoSMART, Herbal Armor, and SkinSmart (P Յ 0.05). OFF! Active, OFF! Botanicals spray, and OFF! Familycare also had high observed repellencies (99.3, 98.8, and 99.0%, respectively), and were each signiÞcantly higher than Badger, BioUD, BurtÕs Bees, California Baby, Cutter Natural, EcoSMART, Herbal Armor, and SkinSmart. BiteBlocker (98.2% repellency) had signiÞcantly greater repellency than Badger, BioUD, BurtÕs Bees, Cutter Natural, California Baby, EcoSMART, and Herbal Armor. The top Þve, TT-4302, OFF! Active, OFF! Familycare, OFF! Botanicals spray, and BiteBlocker, did not differ signiÞcantly at the 30-min evaluation (Table 5) .
At the 1 h, TT-4302, OFF! Active, and OFF! Botanicals spray had observed mean repellencies of Ն98% (Table 5) and were not signiÞcantly different. However, at 1.5 h after repellent application, TT-4302 had signiÞcantly higher repellency than all other repellents except OFF! Active.
At the 2-h evaluation, TT-4302 and OFF! Active were the only repellents for which all four replicates were found to be effective. One replicate for OFF! Botanicals spray and two replicates for OFF! Active persisted until 4 h, and all replicates of TT-4302 remained effective through the 4.5-h evaluation. The difference between TT-4302 and OFF! Active was not signiÞcant based on ANOVAs performed on repellency for the decreasing number of replicates at the 2-to 3.5-h evaluations, but TT-4302 (four replicates) had signiÞcantly greater repellency than OFF! Active (two replicates) at the 4-h evaluation. At 4.5 and 5 h, only TT-4302 replicates remained effective, with mean percentage repellencies of 96.4 and 94.7%, respectively.
Repellency of TT-4302 and DEET Against An. quadrimaculatus. A comparison of the repellency of TT-4302 and 15% DEET (OFF! Active) was made against An. quadrimaculatus using arm-in-cage trials. Subject differences were not signiÞcant (F ϭ 1.80; df ϭ 71, 5; P ϭ 0.15). Repellency did not differ among TT-4302 and DEET from 0.5 to 5 h after treatment. TT-4302 exhibited greater repellency than DEET at the 5.5 (t ϭ 3.22; df ϭ 1, 6; P ϭ 0.02) and 6 h (t ϭ 4.50; df ϭ 1, 5; P ϭ 0.01) time points (Fig. 1) .
Comparative Repellency of TT-4302 and DEET in the Field. TT-4302 and 15% DEET (OFF! Active) were compared in the Þeld against wild populations of mosquitoes. All mosquitoes collected from volunteers were the Asian tiger mosquito, Ae. albopictus. Mean percentage repellencies at each evaluation point are presented in Fig. 2 . No signiÞcant difference in overall mean percentage repellency was observed between TT-4302 and DEET (F ϭ 1.57; df ϭ 1, 4.19; P ϭ 0.28). Similarly the effects of time (F ϭ 1.36; df ϭ 9, 45.7; P ϭ 0.23) and the interaction between repellent and time (F ϭ 1.57; df ϭ 9, 45.7; P ϭ 0.15) were not signiÞcant. Although post hoc LSD tests typically are not conducted when there is lack of signiÞcance in tests of the Þxed effects, further examination showed signiÞcant differences between TT-4302 and DEET 4.5 and 5 h after repellent application (F ϭ 6.66; df ϭ 1, 9.17; P ϭ 0.029 and F ϭ 11.91; df ϭ 1, 9.17; P ϭ 0.007, respectively). TT-4302 provided 100% repellency at both time points while DEET was 83.3% repellent at 4.5 h and 77.6% repellent at 5 h (Fig. 2) .
Discussion
Personal repellents are a key protection measure against mosquitoes and provide a line of defense against the diseases that they may transmit. In addition to efÞcacy, a number of factors inßuence the usage of personal repellents including safety (whether actual or perceived) and esthetics such as skin feel and odor. There are many commercially available mosquito repellents; however, only four active ingredients are recommended for use in the United States by the CDC: DEET, IR3535, Picaridin, and PMD. DEET has been shown in many studies to exhibit good repellency against numerous mosquito species. In the current study, 15% DEET outperformed all repellents, with the exception of TT-4302, against Ae. aegypti. DEET was also repellent against An. quadrimaculatus in the laboratory and Ae. albopictus in the Þeld, providing repellency above 90% for 4.5 and 4 h, respectively. Although DEET has been used for Ͼ50 yr with relatively few reports of toxicity, the belief that DEET is a health and environmental hazard still exists for some people (Aquino et al. 2004 ). IR3535 and Picari- din are two alternatives to DEET that exhibit good esthetic characteristics and low mammalian toxicity (Nentwig 2003 , Frances 2007b , Moore and Debboun 2007 . However, in our arm-in-cage studies against Ae. aegypti, products containing these ingredients were less efÞcacious than TT-4302, DEET, PMD, and some plant-based repellents. The product containing IR3535 provided Ͻ90% repellency 30 min after application while the product containing Picaridin yielded 93.4% repellency at the same time point. PMD exhibits low rat oral and rabbit dermal toxicity, but is exceptionally irritating to the eyes and can cause irreversible eye damage (Strickman 2007) . Two 10% PMD products were tested in the current study; one lotion and one spray formulation. Repellency above 90% was observed for 1.0 h for the lotion and 1.5 h for the spray.
Plant compounds have been used for centuries by human beings to protect themselves from biting arthropods (Charlwood 2003 , reviewed by Moore and Debboun 2007) . Today, many plant-based repellents are available commercially for use against mosquitoes and other hematophagous arthropods. The common consumer perception is that repellents obtained from plants are toxicologically safer than those that contain synthetic ingredients ). However, the downfall of many plant-based repellents is that their esthetics are often poor and their duration of activity is typically much shorter than their synthetic counterparts. The latter point was demonstrated in the current study: 7 of the 13 plant-based repellents tested exhibited repellency below 90% at the 30-min evaluation point. These results are similar to previous studies where repellent products containing essential oils as their active ingredients, including a 25% geraniol product, provided a shorter duration of protection from mosquitoes compared with those containing DEET or Picaridin (Fradin and Day 2002, Barnard and Xue 2004) .
Seventy percent of commercially available plantbased arthropod repellents contain active and inert ingredients that are considered minimum risk and therefore are exempt from federal regulation (Xue et al. 2007 ) under a 1996 rule added to FIFRA. Although exemption from federal registration allows speed to market, product developers are challenged with designing an efÞcacious product using a limited list of ingredients. The current study shows the lack of efÞcacy, at least against Ae. aegypti, of a number of FIFRA exempt repellents (Fig. 3) . Six of the 10 FIFRA exempt repellents that were tested failed to provide even 30 min of repellency at Ն90%. Only four of the remaining repellents provided protection for at least 1 h and only one, TT-4302, delivered protection for Ͼ1.5 h and its performance was maintained for 5 h. Of the seven EPA-registered repellents tested, three pro- vided protection times of 1.5 h or less and one (OFF! Active) delivered 3 h of protection (Fig. 3) .
Formulation plays a key role in extending duration of repellency. TT-4302 is a novel plant-based repellent containing 5% geraniol formulated by TyraTech, Inc. using compounds found on the EPA 25(b) and 4(a) lists of FIFRA-exempt ingredients. The extended duration of repellency of TT-4302 was demonstrated in arm-in-cage assays against Ae. aegypti where repellency (Ͼ90%) was signiÞcantly greater for TT-4302 than any of the other 16 repellents tested, including a second 5% geraniol product (Cutter Natural) and a 15% DEET product. TT-4302 also provided repellency for a longer time period than 15% DEET against Ae. albopictus in the Þeld. In laboratory bioassays against An. quadrimaculatus, no statistically signiÞcant difference between TT-4302 and 15% DEET was observed; however, repellency at 6 h after treatment was 95.2% for TT-4302 and only 72.2% for DEET. These studies collectively demonstrate that TT-4302 is a longlasting efÞcacious repellent against the three species of mosquitoes tested.
